Background. Emerging evidence suggests that helminth infections are associated with lower insulin resistance (IR). Current deworming programs might remove this helminth-associated protective effect. Therefore, we evaluated the anthelmintic treatment effect on changes in IR.
The increasing prevalence of type 2 diabetes mellitus (DM2) is a major health concern worldwide, in particular in low-and middle-income countries [1] . Rapid socioeconomic development in these countries has led to a shift in dietary habits and infrastructure that promotes overnutrition and decreased physical activity [2] , ultimately increasing the risk for DM2. DM2 is characterized by increased insulin resistance (IR). Although the pathophysiology of DM2 is complex and involves several defects [3] , there is evidence that in addition to an altered energy balance, chronic low-grade systemic inflammation plays a key role, linking the immune system and the impairment in metabolic homeostasis [4] .
Helminth infections, which are still endemic in many lowand middle-income countries [5] , are associated with skewed immune responses toward type 2 and regulatory immune responses [6] . This may lead to a decreased systemic inflammation and consequently increased whole-body and tissue-specific insulin sensitivity [7] . In addition, helminths are associated with a lower body mass index (BMI) [8] , which may be beneficial in terms of IR. Helminths may therefore improve insulin sensitivity via immunological and nonimmunological pathways [6, 9, 10] .
Interleukin 4 [11] and interleukin 10 [12] , key cytokines in helminth infections, have been shown to regulate peripheral nutrient metabolism and insulin sensitivity [11] . Recent studies in animal models of diet-induced obesity [13] [14] [15] [16] [17] have also shown that helminth infections [13, [15] [16] [17] and helminthderived molecules [14, [16] [17] [18] can increase insulin sensitivity through direct and indirect control of metabolic pathways [18] . Furthermore, several population-based studies have reported a lower DM2 risk in subjects with previous [19, 20] or current [21, 22] chronic helminth infections. In a previous study on Flores island in Indonesia, we reported that chronic soiltransmitted helminth (STH) infections were associated with lower whole-body IR, independent of BMI [8] .
However, all human studies performed so far have been cross-sectional, preventing any insight on a causal relation between helminth infections and IR. Therefore, we performed a cluster-randomized controlled trial of anthelmintic treatment in an area endemic for STHs, studying the hypothesis that a reduction of helminth infections will lead to a higher degree of IR.
METHODS

Study Overview
We conducted a household-based, cluster-randomized, double-blind trial in 3 villages in Nangapanda, Ende, Flores island, Indonesia. The trial was approved by the ethics committee of Faculty of Medicine, Universitas Indonesia (FKUI), filed by the ethics committee of Leiden University Medical Center (LUMC), and registered as a clinical trial (http://www.isrctn.com/ ISRCTN75636394). The protocol was published previously [23] .
Participants
All subjects in the study area, except children <2 years of age and pregnant women, were included in the trial to avoid cross-contamination between household members. Subjects aged ≥16 years underwent clinical and laboratory examination, excluding subjects with active treatment for diabetes mellitus and serious concomitant diseases.
Study Design and Treatments
After obtaining written informed consent, the population was randomized by household blocks using random allocation software for assignment to treatment. Both study investigators and participants were blinded for the treatment code. After randomization, all study subjects received a tablet of albendazole (400 mg) or matching placebo (both manufactured by PT Indofarma Pharmaceutical, Bandung, Indonesia) for 3 consecutive days with direct supervision. This treatment regimen was given 4 times with 3-month intervals (weeks 9-10, 21-22, 33-34, and 45-46). Clinical measurements, as well as blood and stool sample collection, were performed during the first 8 weeks before the start of the drug administration (baseline or t = 0) and 6 weeks after the last drug administration (follow-up or t = 52 weeks) (Supplementary Figure 1) . After completion of the study, the whole study population was treated with a tablet of albendazole (400 mg) for 3 consecutive days.
Study Procedures and Outcomes
All clinical measurements and blood sample collections were performed after an overnight fast. Detailed information on study procedures are available in the Supplementary Appendix. In brief, body weight, height, waist circumference, and hip circumference were measured, from which BMI and waist-to-hip ratio were calculated. Fasting blood glucose was determined in capillary blood. All sera, plasma, whole blood, and stool samples were frozen at −20°C and subsequently stored at −80°C. Insulin, hemoglobin A1c (HbA1c), total cholesterol, high-density lipoprotein cholesterol (HDL-C), triglycerides, and high-sensitivity C-reactive protein (hs-CRP) were measured pairwise (baseline and follow-up) in the same analytical runs at the LUMC. A Giemsa-stained peripheral thin blood smear was read at FKUI to assess the differential white blood cell count, resulting in a relative percentage of basophils, eosinophils, neutrophils, lymphocytes, and monocytes. Total immunoglobulin E (IgE) was measured at LUMC as described previously [24] .
Fresh stool samples were examined by microscopy using the Kato-Katz method to detect STHs (hookworm, Ascaris lumbricoides, and Trichuris trichiura). Multiplex real-time polymerase chain reaction (PCR) was performed to simultaneously detect the presence of hookworm (Ancylostoma duodenale, Necator americanus), A. lumbricoides, T. trichiura, and Strongyloides stercoralis. Stool samples were considered positive by PCR when cycle threshold (Ct) values were <50, and further grouped into 3 categories: Ct <30, 30 to <35, and ≥35, representing a high, moderate, and low DNA load, respectively [25] .
Primary outcome was IR, assessed using the homeostatic model assessment of IR (HOMA-IR), a well-validated measure of wholebody IR in humans (HOMA-IR = fasting serum insulin × fasting glucose / 22.5) [26] . Secondary outcomes included BMI, waist circumference, fasting blood glucose, HbA1c, lipid levels, total IgE, eosinophil count, hs-CRP, and prevalence of STHs as assessed by microscopy and stool PCR. Adverse events reported by subjects or observed by the investigators were monitored during the trial.
Statistical Analysis
The sample size was calculated according to intention-to-treat analysis. Based on our previous study [27] , we assumed that the average household size is 4 and that around 20% of participants would be lost to follow-up after 1 year. We used a significance level of 5% and a power of 80%. Correlations within households were taken into account by using the correction factor 1 + (m -1) ICC, with m being the household size and ICC the intraclass correlation. The sample size was calculated to aim at a difference in mean HOMA-IR between the 2 treatment groups of 0.18 and an ICC of 0.1, indicating 1580 subjects in total.
For continuous variables, normally distributed data were summarized as mean and standard deviation (SD), whereas nonnormally distributed data (HOMA-IR, insulin, hs-CRP, total IgE, and eosinophil count) were summarized as geometric mean and 95% confidence interval (CI), and log-transformed for analyses. HOMA-IR and hs-CRP were log-transformed as log 10 (1 + [value]). Categorical data were expressed as proportions.
The effect of anthelmintic treatment on HOMA-IR was assessed at the community level using an intention-to-treat approach, using mixed models to account for the correlation within households. As an ad hoc analysis, we stratified by infection status by including helminth infection status (no infection, any infection) at baseline and its interaction with treatment into the model. We also stratified by the number of helminth species a subject was infected with, by including the number of helminth species (no infection, single infection, multiple infection) at baseline and its interaction with treatment into the model. Two random effects were used: To model clustering within households, a random household specific intercept was used, and to model correlation within subjects, random subject-specific intercept was used. Parameter estimates for treatment effect and 95% CIs were reported. The reported P values were obtained using a likelihood ratio test comparing the model with and without the treatment effect. We used the same model for secondary outcomes. For the binary outcome (helminth infection status), a logistic model was used with random household effects and random subject effects. All models were fitted using the lme4 package (R software). Single dose of albendazole or matching placebo was given for 3 consecutive days to all household members, except children <2 years of age and pregnant women. *Other reasons for loss to follow-up were harvesting crops, working on funeral ceremonies, severely ill, hospitalized, and nursing mother. Abbreviations: HH, households; FU, follow-up.
RESULTS
Between
resulted in 1825 subjects assigned to placebo and 1741 subjects to albendazole (377 and 375 households, respectively). The overall trial profile is shown in Figure 1 , with a total of 1669 subjects aged ≥16 years who were examined at baseline (872 subjects [353 households] and 797 subjects [329 households] in the placebo and the albendazole groups, respectively). Baseline characteristics were similar between both treatment arms ( Table 1) .
The overall loss to follow-up, from baseline to 52 weeks, was 18.9%. The main reason for loss to follow-up was permanent or temporary movement out of the village for employment or study. Those who moved out and refused to come for follow-up were younger in comparison to the whole population. There were no significant differences between both treatment arms in terms of loss to follow-up (Supplementary Table 1 ). With respect to compliance, 87.9% (1189/1353) of the subjects took the maximum of 12 tablets (87.0% [574/660] vs 88.7% [615/693] in the albendazole and the placebo groups, respectively). We collected stool samples from 92.0% (1535/1669) of the subjects at baseline and 89.9% (1217/1353) of the subjects at follow-up. Data to calculate HOMA-IR were available for 1604 subjects at baseline, and for 1272 subjects at follow-up. Sixteen subjects who were receiving active treatment for DM2 were excluded from analysis.
Effect of Treatment at the Community Level
Albendazole treatment reduced the percentage of subjects with any helminth infection as assessed by either microscopy (from 41.7% [251/602] to 5.6% [27/486] in the placebo arm; P < .0001). The highest reduction was seen for hookworm, followed by A. lumbricoides and T. trichiura infection (Figure 2 ). When assessing the infection intensity in categories based on PCR, albendazole treatment resulted in a reduction in intensity across these 3 helminth species with the least effect on T. trichiura infection ( Figure 2B ). Strongyloides stercoralis prevalence, which was already low, was eliminated in the albendazole group (Supplementary Table 2) .
At the community level, neither HOMA-IR nor BMI, waist circumference, fasting blood glucose, HbA1c, total cholesterol, HDL-C, LDL-C, triglycerides, or hs-CRP were found to be affected by albendazole treatment (Table 2) . However, the significant reduction of infection prevalence and intensity by albendazole treatment was accompanied by a significant decrease in total IgE level (estimated treatment effect, -0.066 [95% CI, -.094 to -.037]; P < .0001) and eosinophil count (-0.057 [95% CI, -.086 to -.028]; P = .0001) ( Table 2 ).
Effect of Treatment in STH-Infected Subjects
Next, the effect of treatment was assessed only in those who were infected with helminths at baseline, as detected by microscopy. Albendazole treatment resulted in a significant increase in HOMA-IR (0.031 [95% CI, .004 to .059]; P = .04) ( Figure 3A) . This effect was greater in comparison to subjects without helminth infections at baseline (P = .01 for the interaction between helminth infection status at baseline and treatment). Moreover, with an increasing number of helminth species infecting a Figure 3A ). These effects were also reflected for BMI ( Figure 3B ), eosinophil count ( Figure 3C) , and total IgE level ( Figure 3D ), but not for HbA1c, total cholesterol, HDL-C, LDL-C, triglycerides, or hs-CRP level. Pathway analysis showed that adjustment for BMI and eosinophil count, but not total IgE level, attenuated the treatment effect on HOMA-IR among helminth-infected subjects (Supplementary Table 3 ). When using PCR to detect STH infection, a significant increase of HOMA-IR was observed only among subjects who were infected with multiple helminth species at baseline (Supplementary Figure 2A) . A significant increase of BMI was also observed in these subjects (Supplementary Figure 2B) .The group of subjects infected with multiple helminth species had a significantly higher infection intensity in comparison to the group of subjects infected with single helminth species (Supplementary Table 4 ).
Adverse Events
Adverse events were reported in 3.9% (31/797) and 2.6% (23/872) of subjects in the albendazole and placebo groups, respectively. Abdominal pain was the most commonly reported complaint (35% [11/31] vs 13% [3/23] in the albendazole and the placebo groups, respectively). Other commonly reported complaints were diarrhea and nausea, which were similar in both treatment arms.
DISCUSSION
Here, we report the first cluster-randomized trial in humans investigating the causal relationship between helminth infections and whole-body IR in an area endemic for STHs. We found that after 12 months of follow-up, 4 rounds of anthelmintic treatment with 3-month intervals did not lead to an increase in IR or other parameters such as BMI, waist circumference, fasting blood glucose, HbA1c, serum lipid levels, and hs-CRP at the community level, when all participants irrespective of their helminth status were included in the analysis-this despite the fact that the prevalence and infection intensity of STHs, as well as their associated type 2 immune responses, measured by total IgE and eosinophil count, were significantly reduced in albendazole-treated subjects. The effect of albendazole treatment on the prevalence and intensity of soil-transmitted helminths. Percentage of hookworm-, Ascaris lumbricoides-, and Trichuris trichiura-infected subjects at baseline (t = 0) and following treatment (t = 52 weeks), in the placebo and albendazole treatment arms, as detected by microscopy (n = 1011; A) and polymerase chain reaction (n = 1144; B). Albendazole treatment was associated with a significant reduction of hookworm, A. lumbricoides, and T. trichiura. P values were calculated using a logistic model with random household effects and random subject effects. *P < .0001.
When considering helminth-infected subjects, we observed that albendazole treatment resulted in a significant increase of IR among helminth-infected subjects when infection was detected by microscopy. Moreover, the effect of treatment on IR was stronger in those infected with multiple STH species at baseline compared to those with a single STH infection. We observed a similar pattern of the treatment effect on BMI. Even though significant, it is important to note that the magnitude of the effect of 1 year of deworming on IR was modest. The effect of deworming in increasing IR seemed to be partly mediated through an increase in BMI, as adjustment for BMI, a strong predictor of IR [28] , attenuated the treatment effect on IR. Similar to BMI, eosinophil count and total IgE were significantly decreased in helminth-infected subjects, and this was stronger in those with multiple helminth infections. The possible importance of eosinophils in IR, shown in animal models [13, 14, 16, 17] and in 1 epidemiological study [29] , is also seen in our study as correction for eosinophil count reduced the treatment effect on IR.
When infection was assessed by PCR, which, in comparison to the Kato-Katz method, has a better ability to detect low-intensity infections that may be clinically less relevant [25] , we only observed a significant increase in IR in the group of subjects who were infected with multiple helminth species at baseline. The infection intensity (DNA load) in this group of subjects was significantly higher than in those infected with a single STH species. Albendazole treatment led to a strong reduction of infection intensity in those infected with multiple STH species, which might explain the significant increase in IR following albendazole treatment.
The observed modest increase of IR after treatment among helminth-infected subjects, as detected by microscopy, could also contribute to the lack of a significant effect of albendazole treatment on IR at the community level. Two recent meta-analyses on deworming in children support this notion as they show that although a mass deworming approach, thus irrespective of helminth infection status, resulted in no change in weight gain, targeted anthelmintic treatment of infected children resulted in a significant weight gain [30, 31] .
However, several other explanations for the absence of a treatment effect on IR at the community level need to be considered. Although our study design was successful in lowering STH infection prevalence and its associated Th2 responses, it is possible that longer treatment and follow-up would show stronger effects. It is also possible that both immune and non-immune-related effects of helminths on IR are not only associated with current helminth infections [8] but also with exposure to helminth infections in the past and therefore sustained [13, 19] . The causal relationship between helminth infection and IR, as found in the subgroup of infected subjects, might have a relatively small contribution to the multifactorial pathogenesis of IR [28] . Therefore, longer follow-up .46
The estimated treatment effect after 12 months of follow-up for HOMA-IR and other glucose-related parameters, adiposity, lipid, and immunological parameters at community level is displayed with corresponding 95% CI. The estimated treatment effects were obtained by mixed models and P values are indicated. HOMA-IR, fasting insulin, total IgE, eosinophil count, and hs-CRP were log-transformed.
Abbreviations: CI, confidence interval; HbA1c, hemoglobin A1c; HDL-C, high-density lipoprotein cholesterol; HOMA-IR, homeostasis model assessment for insulin resistance; hs-CRP, high-sensitivity C-reactive protein; IgE, immunoglobulin E; LDL-C, low-density lipoprotein cholesterol.
studies involving assessment of other more established factors, such as diet and physical activity [28] , will be needed to investigate this. The use of PCR in our study, in addition to microscopy for detection of helminths, has helped us realize that the burden of infections, in terms of the number of helminth species as well as the infection intensity (DNA load), might influence the effect of anthelmintic treatment on IR. Deworming in subjects with increasing burden of infections resulted in an increasing change in IR. In addition, treatment of uninfected subjects, as assessed by either microscopy or PCR, did not influence IR, which suggests that an undetectable or a low level of helminth infection might be irrelevant for IR. The question whether a high burden of helminth infection causes different modulating effects on the immune system or energy balance remains to be answered.
In conclusion, intensive anthelmintic treatment in an STHendemic area significantly reduces both the STH infection prevalence and intensity, as well as its related type 2 immune responses. This treatment does not lead to an increase of wholebody IR at the community level, but it does increase IR among those with a microscopy-detected STH infection. Studies are needed to determine the long term metabolic consequences of anthelmintic treatment in communities where STHs are highly prevalent. However, in terms of policy, countries implementing helminth control programs need to be aware that this may exacerbate or accelerate the deterioration in metabolic health, and that education and prevention strategies for noncommunicable diseases such as DM2 need to go hand in hand with infectious disease control measures.
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